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Abstract
Background
Studies investigating the influence of toll-like receptor (TLR) polymorphisms and tuberculo-
sis susceptibility have yielded varying and often contradictory results in different ethnic
groups. A meta-analysis was conducted to investigate the relationship between TLR vari-
ants and susceptibility to tuberculosis, both across and within specific ethnic groups.
Methods
An extensive database search was performed for studies investigating the relationship
between TLR and tuberculosis (TB) susceptibility. Data was subsequently extracted from
included studies and statistically analysed.
Results
32 articles involving 18907 individuals were included in this meta-analysis, and data was
extracted for 14 TLR polymorphisms. Various genetic models were employed. An increased
risk of TB was found for individuals with the TLR2 rs3804100 CC and the TLR9 rs352139 GA
and GG genotypes, while decreased risk was identified for those with the AG genotype of
TLR1 rs4833095. The T allele of TLR6 rs5743810 conferred protection across all ethnic
groups. TLR2 rs5743708 subgroup analysis identified the A allele to increase susceptibility to
TB in the Asian ethnic group, while conferring protection in the Hispanic group. The T allele of
TLR4 rs4986791 was also found to increase the risk of TB in the Asian subgroup. All other
TLR gene variants investigated were not found to be associated with TB in this meta-analysis.
Discussion
Although general associations were identified, most TLR variants showed no significant
association with TB, indicating that additional studies investigating a wider range of pattern
recognition receptors is required to gain a better understanding of this complex disease.
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Introduction
Tuberculosis (TB), caused byMycobacterium tuberculosis (M. tuberculosis), is the leading cause
of death attributable to a single infectious agent worldwide [1]. The host innate immune
response is the first line of defence against invading pathogens and is vital for the initial defence
againstM. tuberculosis and activation of the adaptive immune response [2]. This primary
immune response is induced by binding of conserved structures in the cell wall or genetic com-
ponents of the invading pathogen, termed pathogen associated molecular patterns (PAMPs),
to host pattern recognition receptors (PRRs) [3]. These PRRs include the toll-like receptors
(TLRs), C-type lectin receptors (CLRs), nucleotide-binding oligomerization domain (NOD)-
like receptors (NLRs) and the RIG-like receptors (RLRs) [3]. For the purpose of this meta-anal-
ysis we focussed on the TLRs as they are the most extensively studied family of PRRs. PRRs,
which recognise the PAMPs, are mostly germline encoded receptors expressed on immune
cells, including macrophages and dendritic cells [4] and are expressed either on the extracellu-
lar cell surface (TLR1, 2, 4, 5, 6 and CLRs) or intracellularly in the cytosol or on endosomal
membranes (TLR3, 7, 8, 9, NLRs and RLRs).
As the PRR encoding genes play an important role in host immunity, variants in these genes
could lead to structural and functional changes in these receptors causing an altered immune
response, and influence TB disease progression [3].
TLR2 and 4 are the most studied TLRs with regards to TB disease. TLR2 forms heterodi-
mers with either TLR1 or TLR6, resulting in the recognition of a wide range of mycobacterial
PAMPs, including tri and diacyl lipopeptides [5] and peptidoglycan [6]. Given that TLR2
forms heterodimers it is clear that defects in this gene could influence ligand recognition of
multiple receptors, which could affect the host’s innate immune response and thus alter suscep-
tibility to TB disease. Multiple studies on various TLR2 SNPs have been conducted, often with
varying and even contradictory results in different ethnic groups. The A allele of the TLR2
rs11938228 polymorphism has been associated with TB disease (allelic and recessive model) in
European and Asian populations, but not African [7] or Hispanic [8] populations. Another
study in an Asian [9] cohort found no association. Similar conflicting results have been found
for TLR4 polymorphisms. TLR4 recognises mycobacterial lipopolysaccharides (LPS) and can
trigger one of two innate immune response pathways, the MyD88 dependant or independent
pathway. Impairments in this PRRs signalling capability can greatly influence TB disease sus-
ceptibility [10]. TLR4 rs4986790 and rs4986791 are two of the most extensively investigated
and were shown to be associated with TB susceptibility, for the allelic and heterozygous model,
in one Asian population [11] but not in a second Asian cohort [9]. In an African population
the rs4986791 polymorphism was absent, while the rs4986790 had no influence on disease sus-
ceptibility [12]. While some of this variation in results can be attributed to small sample sizes it
is clear that the genetic make-up of diverse ethnic groups may also play a major role in TB dis-
ease susceptibility.
Meta-analysis enables us to systematically review the results of previous studies to derive a
relevant, objective and unbiased conclusion by taking into account the totality of evidence on a
specific subject [13]. By considering and aggregating as much data as possible on a specific
topic using statistical measures, the sample size and thus the power to find an association is
increased [14]. Here we performed a meta-analysis on the most commonly investigated TLR1,
2, 4, 6, 8, and 9 SNPs, to assess their association with TB susceptibility both across and within
different ethnicities. We show that most of the commonly investigated SNPs have no associa-
tion with TB disease susceptibility across ethnic groups. Subgroup analysis was possible for
eight SNPs and two of these were significant in our analysis. Four SNPs (TLR1 rs4833095,
TLR2 rs3804100, TLR6 rs5743810 and TLR9 rs352139) were associated with TB susceptibility
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across ethnic groups, while subgroup analysis on TLR2 rs5743708 and TLR4 rs4986791 showed
significant association in the Asian and Hispanic ethnic groups. Further investigation to vali-
date these findings will be required as more studies from various ethnic groups become
available.
Materials and Methods
Publication search
A systematic search of articles relating to variants in TLR genes and susceptibility to TB was
conducted, by two researchers (HS and MS), using the PubMed, Medline and EMBASE data-
bases, including studies up to 31 May 2015. The search strategy was based on various combina-
tions of the following terms: “TLR”, “toll-like” or “toll like” in combination with “tuberculosis”,
“TB”, “M.tb” or “mycobacteria” and in conjunction with “genotype”, “allele”, “polymorphism”
or “variant”. Furthermore, the reference lists of the publications identified were searched for
further relevant studies. If data was missing the corresponding author of the study was con-
tacted via e-mail to obtain missing data where possible.
Inclusion and exclusion criteria
The following criteria were required for inclusion of studies: (1) case-control study; (2) evalua-
tion of TLR variants and TB or pulmonary TB (pTB) susceptibility; (3) genotype frequencies
for both cases and controls; (4) Newcastle Ottawa Scale (NOS) quality score of6 [15]. Studies
were excluded if they: (1) did not deal with humans, TLR orM. tuberculosis; (2) review articles
or previous meta-analyses; (3) insufficient or duplicate data; (4) not in English.
Data extraction
For all eligible studies the following data was extracted from the original publications: title, first
author and year of publication, ethnicity of study population, number of cases and controls,
and genotype frequencies for cases and controls. The data extraction was done independently
by HS and MS and then compared to detect any discrepancies.
Statistical analysis
Analysis of the extracted data was performed using the freely available R programming envi-
ronment v3.1.2 (http://www.r-project.org/). Hardy-Weinberg Equilibrium (HWE) was calcu-
lated for the control group of each study using the Chi-square test in theHardyWeinberg
package v1.4.1 (http://cran.r-project.org/). Odds ratios (OR) and 95% confidence intervals (CI)
for each study and the pooled result was calculated to assess the association between TLR vari-
ants and TB susceptibility. The allelic model (2 vs. 1), homozygote comparison (22 vs. 11), het-
erozygote comparison (12 vs. 11), dominant model (22 + 12 vs. 11) and recessive model (22 vs.
12 + 11) was analysed for each SNP (if data from three or more studies were available) using
themetafor package v1.6–0 (http://cran.r-project.org/). Analysis was also performed by ethnic-
ity (Asian, African, European, and Hispanic) if at least three articles for a specific ethnicity was
available. The Chi-squared based Q statistic and I2 test was used to assess the heterogeneity
between included studies [16]. For a heterogeneity result of p-value> 0.1 the fixed effects (FE)
model (inverse-variance method) was implemented and for p-value 0.1 the random effects
(RE) model (restricted maximum likelihood estimator) was used to calculate pooled OR and
CI values [17]. For each statistical model a p-value<0.05 was considered significant. Geno-
types that displayed deviations from HWE or studies that had a low NOS score were excluded
from this meta-analysis. Due to these exclusions sensitivity analysis was not strictly necessary,
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but was performed to ensure stability of the meta-analysis, based on the I2 statistic. Confound-
ing factors (gender and environmental interactions) were not included in the analysis as this
information was not available for all included studies. Finally, publication bias was assessed
using Egger’s weighted regression test with inverse sample size estimator, as this gives a better
estimate of bias than the more commonly used standard error estimator if the number of stud-
ies included are limited [18]. A p-value< 0.05 was taken to indicate the presence of publication
bias, but was only considered valid if more than five studies were included. Any bias was cor-
rected for using the Duval and Tweedie trim and fill method [19].
Results
Study characteristics
The search using PubMed, Medline and EMBASE databases yielded 351 articles (Fig 1). Of
these, 277 were duplicates and removed, with the remaining 74 articles screened by title and
abstract. Articles (n = 28) were excluded that were not in English, did not deal with TLRs or TB
disease or were previous meta-analyses or review articles. The remaining 46 articles were thor-
oughly reviewed, and 3 were excluded due to lack of genotype data, and a further 6 were
excluded due to low NOS quality scores (S1 Table). Data was extracted from the remaining 37
studies. A further 5 studies were excluded due to the genotype data in the control group not
being in HWE (p-value< 0.05), resulting in 32 articles (Table 1) being analysed in this meta-
analysis. Excluded articles are listed in S2 Table. Genotype and allele counts for all included
studies are listed in S3 Table, as well as the calculated HWE p-values. Genome wide association
studies (GWAS) were also considered, but no GWAS study found an association between TLR
polymorphisms and TB susceptibility and data was not available for the SNPs analysed in this
meta-analysis.
Meta-analysis results
We analysed 14 SNPs in this meta-analysis, of which eight (TLR1 rs5743618 [20,21,23–28],
TLR2 rs3804099 [8,23,24,27,29–33] and rs5743708 [8,23,24,26,27,32–35], TLR4 rs4986790
[3,8,11,23,24,26,27,33,38–40] and rs4986791 [3,8,11,23,24,26,27], TLR6 rs5743810
[20,24,26,27], TLR9 rs1870884 [3,26,27,39] and GT(n) repeats [23,34,36,37]) had sufficient
studies available to perform subgroup analysis on at least one ethnic group (African, European,
Asian and/or Hispanic). The TLR8 SNPs rs3764879 [23,41,42] and rs3764880 [23,41–44] are
located on the X chromosome and were analysed in a sex-stratified manner, with no associa-
tions identified across the populations with regards to TB susceptibility. A significant associa-
tion with TB susceptibility was found for 6 TLR SNPs. A summary of the meta-analysis as well
as Egger’s test for publication bias results can be found in the S4 Table. Forest plots for non-sig-
nificant associations can be found in S1 Fig.
TLR1 rs4833095. Six studies were included in the analysis of the TLR1 rs4833095 SNP
using the FE model given that minimal heterogeneity existed between the studies. The hetero-
zygous comparison showed decreased susceptibility to TB for individuals with the AG geno-
type (AG vs. GG: OR = 0.77, 95% CI = 0.65–0.95, p = 0.0031). The dominant model also
showed a decreased susceptibility to TB with the AA plus AG genotype (AA +AG vs. GG:
OR = 0.78, 95% CI = 0.66–0.91, p = 0.0021) indicating that the AG genotype might exert a pro-
tective effect (Fig 2).
TLR2 rs5743708. The meta-analysis of the 11 studies included for the analysis of this SNP
showed no association with TB susceptibility with any of the analytical models. However sub-
group analysis showed association with TB susceptibility with the allelic, heterozygote and
dominant models in the Asian ethnic group (A vs. G: OR = 3.51, 96%CI = 1.21–10.32,
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p = 0.021; AG vs. GG: OR = 3.56, 95%CI = 1.21–10.42, p = 0.021; AA vs. AG + GG: OR = 3.56,
95%CI = 1.21–10.42, p = 0.021) and Hispanic group (A vs. G: OR = 0.3, 96%CI = 0.09–0.98,
p = 0.046; AG vs. GG: OR = 0.3, 95%CI = 0.09–0.97, p = 0.045; AA vs. AG + GG: OR = 0.3,
95%CI = 0.09–0.97, p = 0.045). Three studies were included for each ethnic group and statisti-
cal analysis was done using the FE model. In the Asian population the A allele increased sus-
ceptibility to TB (Fig 3), while in the Hispanic population it conferred protection against TB
disease (Fig 4).
TLR2 rs3804100. Little heterogeneity existed between the 7 studies included in the meta-
analysis of this SNP and thus the FE model was used to analyse the homozygote and recessive
Fig 1. Flowchart showing the study selection procedure for identified and included articles.
doi:10.1371/journal.pone.0139711.g001
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Table 1. Characteristics of the 32 studies included in this meta-analysis, grouped by TLR gene, SNP and ethnicity.
Gene SNP Author and year Population Ethnicity Cases Controls NOS score
TLR1 rs4833095 Sinha et al., 2014[20] North Indian Asian 204 126 8
Qi et al., 2015[21] Chinese Asian 340 366 7
Dittrich et al., 2015[22] India Asian 206 239 6
Salie et al., 2015[23] SAC African 324 344 8
Ma et al., 2007[24] African American African 339 194 7
Ma et al., 2007[24] American Caucasian European 180 110 7
Ma et al., 2007[24] Hispanic Hispanic 375 114 7
rs5743618 Sinha et al., 2014[20] North Indian Asian 160 124 8
Ma et al., 2010[25] Chinese Asian 543 544 8
Selvaraj et al., 2010[26] South India Asian 206 212 7
Qi et al., 2015[21] Chinese Asian 340 366 7
Wu et al., 2015[27] Chinese Asian 109 422 8
Salie et al., 2015[23] SAC African 328 330 8
Ma et al., 2007[24] African American African 339 194 7
Ocejo-Vinyals et al., 2013[28] Spanish Caucasian European 190 192 8
Ma et al., 2007[24] American Caucasian European 180 110 7
Ma et al., 2007[24] Hispanic Hispanic 375 114 7
TLR2 rs3804099 Caws et al., 2008[29] Vietnam Asian 187 237 6
Yang et al., 2013[30] China Asian 200 196 8
Wu et al., 2015[27] Chinese Asian 109 422 8
Salie et al., 2015[23] SAC African 435 292 8
Arji et al., 2014[31] Morocco African 343 202 7
Ma et al., 2007[24] African American African 339 194 7
Etokebe et al., 2010[32] Croatia Caucasian European 190 489 6
Ma et al., 2007[24] American Caucasian European 180 110 7
Torres-García et al., 2013[33] Mexican Hispanic 90 90 8
Sánchez et al., 2012[8] Columbia Hispanic 465 300 8
Ma et al., 2007[24] Hispanic Hispanic 375 114 7
rs5743708 Selvaraj et al., 2010[26] South India Asian 206 212 7
Xue et al., 2010[34] Chinese Asian 205 203 7
Wu et al., 2015[27] Chinese Asian 103 418 8
Salie et al., 2015[23] SAC African 438 288 8
Ma et al., 2007[24] African American African 339 194 7
Dalgic et al.(b), 2011[35] Turkish European 138 200 7
Etokebe et al., 2010[32] Croatia Caucasian European 103 105 6
Ma et al., 2007[24] American Caucasian European 180 110 7
Torres-García et al., 2013[33] Mexican Hispanic 90 90 8
Sánchez et al., 2012[8] Columbia Hispanic 466 300 8
Ma et al., 2007[24] Hispanic Hispanic 375 114 7
rs3804100 Wu et al., 2015[27] Chinese Asian 109 422 8
Chen et al., 2010[36] Taiwan Asian 184 184 7
Salie et al., 2015[23] SAC African 435 292 8
Ma et al., 2007[24] African American African 339 194 7
Ma et al., 2007[24] American Caucasian European 180 110 7
Etokebe et al., 2010[32] Croatia Caucasian European 186 551 6
Ma et al., 2007[24] Hispanic Hispanic 375 114 7
GT(n) Xue et al., 2010[34] Chinese Asian 244 233 7
Chen et al., 2010[36] Taiwan Asian 367 368 7
Yim et al., 2006[37] Korean Asian 516 382 6
Salie et al., 2015[23] SAC African 345 242 8
(Continued)
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Table 1. (Continued)
Gene SNP Author and year Population Ethnicity Cases Controls NOS score
TLR4 rs4986790 Jahantigh et al., 2013[3] South East Iran Asian 124 149 7
Selvaraj et al., 2010[26] South India Asian 206 212 7
Najmi et al., 2010[11] Indian Asian 135 250 7
Wu et al., 2015[27] Chinese Asian 109 422 8
Salie et al., 2015[23] SAC African 421 287 8
Ma et al., 2007[24] African American African 339 194 7
Fitness et al., 2004[38] Malawi African 162 427 7
Olesen et al., 2007[39] West African African 315 337 7
Ma et al., 2007[24] American Caucasian European 180 110 7
Rosas-Taraco et al., 2007[40] Mexican Hispanic 104 114 7
Torres-García et al., 2013[33] Mexican Hispanic 90 90 8
Ma et al., 2007[24] Hispanic Hispanic 375 114 7
Sánchez et al., 2012[8] Columbian Hispanic 466 300 8
rs4986791 Najmi et al., 2010[11] Indian Asian 135 205 7
Jahantigh et al., 2013[3] South East Iran Asian 124 149 7
Selvaraj et al., 2010[26] South India Asian 203 203 7
Wu et al., 2015[27] Chinese Asian 109 422 8
Salie et al., 2015[23] SAC African 439 292 8
Ma et al., 2007[24] African American African 339 194 7
Ma et al., 2007[24] American Caucasian European 180 110 7
Ma et al., 2007[24] Hispanic Hispanic 375 114 7
Sánchez et al., 2012[8] Columbian Hispanic 466 300 8
TLR 6 rs5743810 Sinha et al., 2014[20] North Indian Asian 204 124 8
Selvaraj et al., 2010[26] South India Asian 206 212 7
Wu et al., 2015[27] Chinese Asian 109 422 8
Ma et al., 2007[24] African American African 339 194 7
Ma et al., 2007[24] American Caucasian European 180 110 7
Ma et al., 2007[24] Hispanic Hispanic 375 114 7
TLR8* rs3764879 Davila et al., 2008[41] Indonesian Asian 222 225 6
Males Salie et al., 2015[23] SAC African 408 194 8
Dalgic et al., 2011[42] Turkish European 62 72 7
Davila et al., 2008[41] Russian European 1341 1308 6
rs3764879 Davila et al., 2008[41] Indonesian Asian 280 304 6
Females Salie et al., 2015[23] SAC African 220 334 8
Dalgic et al., 2011[42] Turkish European 62 78 7
rs3764880 Hashemi-Shahri et al., 2014[43] Iran Asian 77 62 7
Males Davila et al., 2008[41] Indonesian Asian 222 225 6
Bukhari et al., 2015[44] Pakistan Asian 45 22 7
Salie et al., 2015[23] SAC African 372 162 8
Davila et al., 2008[41] Russian European 1341 1308 6
Dalgic et al., 2011[42] Turkish European 62 72 7
rs3764880 Hashemi-Shahri et al., 2014[43] Iran Asian 98 83 7
Females Davila et al., 2008[41] Indonesian Asian 280 304 6
Bukhari et al., 2015[44] Pakistan Asian 58 65 7
Salie et al., 2015[23] SAC African 199 306 8
Davila et al., 2008[41] Russian European 1341 1308 6
Dalgic et al., 2011[42] Turkish European 62 78 7
(Continued)
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models, both of which indicated that the CC genotype increases the risk of developing TB (CC
vs. TT: OR = 1.92, 95%CI = 1.17–3.14, p = 0.009; CC vs. TC + TT: OR = 1.85, 95%CI = 01.16–
2.95, p = 0.01) (Fig 5).
TLR4 rs4986791. Nine studies were included in the meta-analysis of this SNP, but no sig-
nificant association with TB susceptibility was found overall. In the subgroup analysis of the
Asian population, which included 4 studies, the T allele, TC and TT genotypes were associated
with increased susceptibility to TB in the allelic, heterozygous and dominant models, all of
which were analysed using the FE model as very little heterogeneity was observed (T vs. C:
OR = 1.45, 95%CI = 1.14–1.83, p = 0.002; TC vs. CC: OR = 1.39, 95%CI = 1.06–1.82, p = 0.019;
TT + TC vs. CC: OR = 1.44, 95%CI = 1.11–1.87, p = 0.007) (Fig 6).
TLR6 rs5743810. The 4 articles included for the meta-analysis of this SNP showed no sig-
nificant heterogeneity. The T allele conferred protection against TB in the allelic model (T vs.
C: OR = 0.66, 95%CI = 0.54–0.82, p = 0.0001) and the TT and TC genotypes also had a protec-
tive effect against TB infection in the homozygote, heterozygote, dominant and recessive mod-
els (TT vs. CC: OR = 0.57, 95%CI = 0.34–0.95, p = 0.03; TC vs. CC: OR = 0.67, 95%CI = 0.51–
0.88, p = 0.004; TT + TC vs. CC: OR = 0.63, 95%CI = 0.49–0.82, p = 0.0005; TT vs. TC + CC:
OR = 0.61, 95%CI = 0.4–0.94, p = 0.024) (Fig 7). Subgroup analysis on the Asian ethnic group
showed no significant results.
TLR9 rs352139. Four studies were included in the analysis of this SNP. The GA and GG
genotypes for the heterozygous and dominant comparison were associated with increased sus-
ceptibility to TB when analysed using the FE and RE models, respectively (GA vs. AA:
OR = 1.34. 95% CI = 1.13–1.60, p = 0.0008; GG vs. GA + AA: OR = 1.31, 95%CI = 1.11–1.54,
p = 0.0015) (Fig 8).
Publication bias and sensitivity analysis
The results of the Egger’s test (S4 Table) showed evidence of publication bias for only one SNP.
Both the meta-analysis on TLR1 rs5743618 and its subgroup analysis on the Asian population
showed publication bias for the allelic, heterozygote and dominant model. However, correcting
for this bias did not change the significance of the results (S4 Table).
For the sensitivity analysis, studies were sequentially excluded from the meta-analysis in
order to assess the influence of each study on the pooled results (OR, 95% CI and p-value) of
Table 1. (Continued)
Gene SNP Author and year Population Ethnicity Cases Controls NOS score
TLR9 rs352139 Kobayashi et al., 2012[45] Indonesia Asian 537 560 8
Kobayashi et al., 2012[45] Vietnam Asian 276 455 8
Salie et al., 2015[23] SAC African 427 440 8
Torres-García et al., 2013[33] Mexican Hispanic 90 90 8
rs5743836 Selvaraj et al., 2010[26] South India Asian 206 212 7
Olesen et al., 2007[39] West African African 321 347 7
Wu et al., 2015[27] Chinese Asian 109 422 8
Salie et al., 2015[23] SAC African 431 435 8
Torres-García et al., 2013[33] Mexican Hispanic 90 90 8
rs1870884 Selvaraj et al., 2010[26] South India Asian 193 208 7
Jahantigh et al., 2013[3] South East Iran Asian 124 149 7
Wu et al., 2015[27] Chinese Asian 109 422 8
Olesen et al., 2007[39] West African African 318 339 7
*TLR8 is on the X-chromosome and all analysis for these SNPs were done separately in males and females.
doi:10.1371/journal.pone.0139711.t001
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Fig 2. Forest plot of the association between TLR1 rs4833095 and TB risk for all five models. A) Allelic model, B) Homozygote comparison, C)
Heterozygote comparison, D) Dominant model, E) Recessive model. OR: odds ratio; 95%CI: 95% confidence interval.
doi:10.1371/journal.pone.0139711.g002
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Fig 3. Forest plot of the association between TLR2 rs5743708 and TB risk for all five models in the Asian subgroup. A) Allelic model, B) Homozygote
comparison, C) Heterozygote comparison, D) Dominant model, E) Recessive model. OR: odds ratio; 95%CI: 95% confidence interval.
doi:10.1371/journal.pone.0139711.g003
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Fig 4. Forest plot of the association between TLR2 rs5743708 and TB risk for all five models in the Hispanic subgroup. A) Allelic model, B)
Homozygote comparison, C) Heterozygote comparison, D) Dominant model, E) Recessive model. OR: odds ratio; 95%CI: 95% confidence interval.
doi:10.1371/journal.pone.0139711.g004
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Fig 5. Forest plot of the association between TLR2 rs3804100 and TB risk for all five models. A) Allelic model, B) Homozygote comparison, C)
Heterozygote comparison, D) Dominant model, E) Recessive model. OR: odds ratio; 95%CI: 95% confidence interval.
doi:10.1371/journal.pone.0139711.g005
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Fig 6. Forest plot of the association between TLR4 rs4986791 and TB risk for all five models in the Asian subgroup. A) Allelic model, B) Homozygote
comparison, C) Heterozygote comparison, D) Dominant model, E) Recessive model. OR: odds ratio; 95%CI: 95% confidence interval.
doi:10.1371/journal.pone.0139711.g006
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Fig 7. Forest plot of the association between TLR6 rs5743810 and TB risk for all five models. A) Allelic model, B) Homozygote comparison, C)
Heterozygote comparison, D) Dominant model, E) Recessive model. OR: odds ratio; 95%CI: 95% confidence interval.
doi:10.1371/journal.pone.0139711.g007
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Fig 8. Forest plot of the association between TLR9 rs352139 and TB risk for all five models. A) Allelic model, B) Homozygote comparison, C)
Heterozygote comparison, D) Dominant model, E) Recessive model. OR: odds ratio; 95%CI: 95% confidence interval.
doi:10.1371/journal.pone.0139711.g008
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each model for each SNP. However, the pooled results did not significantly differ for any SNP
regardless of the statistical model used.
Discussion
The influence of TLRs on TB susceptibility has been extensively investigated and while often
associated, replication in different ethnic groups has yielded contradictory results [24]. One
factor contributing to this variability is the power of the individual studies which is limited by
sample size. This meta-analysis was performed to aggregate information across studies using
statistical measures for the most commonly investigated TLR SNPs in order to increase the
sample size and in turn the power to find or disprove previous associations. Furthermore,
meta-analysis gives an indication of which TLR SNPs are associated with TB susceptibility
across ethnicities and which are specific to a certain ethnic group. For this meta-analysis 14 of
the most commonly investigated TLR SNPs were analysed of which five were associated with
TB disease susceptibility across different ethnic groups. Seven of the 14 analysed SNPs had
enough data available for subgroup analysis of which two showed associations in subgroup
analysis but not across different ethnic groups.
The AG genotype of TLR1 rs4833095 was associated with resistance to TB across ethnic
groups in this meta-analysis. This non-synonymous polymorphism, located in the extracellular
domain, results in an asparagine to serine amino acid change [24]. This amino acid change is
thought to affect the folding mechanism of the TLR and its ligand binding efficiency as well as
impair its ability to form heterodimers with TLR2, thus leading to a reduced immune response
[24]. TLR1 rs4833095 is in strong linkage disequilibrium (LD) with TLR1 rs5743618 and deter-
mining how these two SNPs contribute to TB susceptibility has proven difficult. Studies in
HEK293 cells have shown that the GG genotype of rs5743618 resulted in decreased NF-kB
expression, while the presence of any of the rs4833095 alleles did not further affect NF-kB lev-
els [46]. Uciechowski et al. [5] proposed that this polymorphism affects cell surface expression
of TLR1 as it is involved in the transport of the PRR to the cell surface, while rs5743618 is
thought to affect signal transduction of TLR1. The fact that these two SNPs are in LD means
that expression and signalling of TLR1 is affected, which can have a major impact on the
immune system and requires gene-gene interaction studies to fully validate. Furthermore,
rs5743618 did not show any association with TB susceptibility, neither across populations nor
in the Asian ethnic subgroup.
The AG [20] and AA [22] genotypes of rs4833095 have been proposed to confer protection
against TB, which agrees with this meta-analysis. No previous meta-analyses have been con-
ducted on TLR1 rs4833095, but Zhang et al. [7] conducted a meta-analysis on TLR1 rs5743618
and also found no association with TB susceptibility, which corresponds with our results. Our
study had greater power to detect associations due to an increased sample size (2769 cases and
2625 controls vs. 1648 cases and 1216 controls).
In the meta-analysis of TLR2 rs5743708 across populations no association with TB suscepti-
bility was found, but in the subgroup analysis of the Asian and Hispanic populations the AA
and AG genotypes were significantly associated with TB disease susceptibility, as found previ-
ously [47, 27]. This non-synonymous arginine to glutamine substitution in the Toll-Interleu-
kin–1 receptor (TIR) domain of the receptor has been proposed to result in a decreased
response of macrophages to bacterial peptides [47], and studies in mice have shown that
rs5743708 alters TLR2 signalling leading to lower levels of tumour necrosis factor (TNF)α and
interferon-gamma (IFN-γ) and a diminished immune response [48]. TNFα and IFN-γ work in
synergy to activate macrophages, which leads to the production of reactive nitrogen intermedi-
ates (RNI) [49]. These RNI’s mediate the macrophages’ ability to controlM. tuberculosis
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proliferation as well as stimulating the migration of immune cells to the site of infection. Fur-
thermore, TLR2 has been shown to form heterodimers with TLR1 and TLR6 to recognise a
wide variety of ligands [48] and thus polymorphisms leading to defective TLR2 activation can
affect multiple PRRs and have a compounded negative effect on the immune system.
Three meta-analyses have previously been done on TLR2 rs5743708 yielding similar results.
Sun et al. [50] found that the AA genotype was associated with increased TB risk across popu-
lations in the allelic, heterozygous and dominant model. Similarly, Wang et al. [51] found that
the AA genotype and A allele, in the dominant and allelic model, increased TB susceptibility
across different ethnic groups and was significantly associated in the Asian, but not European
subgroup. Finally, Zhang et al. [7] showed a significant association with TB susceptibility for
the A allele and AA genotype across different ethnic groups, and subgroup analysis for the alle-
lic model showed increased risk in Asians and Europeans, but decreased risk in the Hispanic
population. The results from these previous meta-analyses agree to some extent with our
results as they also show increased susceptibility in the Asian population, but a protective effect
in the Hispanic population, and did not show association with TB susceptibility across ethnic
groups. The reason for this lack of global association could be the fact that the previous meta-
analysis had more Asian cohort studies which led to across population associations. The very
low or sometimes absent minor allele frequencies of this SNP can also influence the results as
the frequencies differ between the ethnic groups.
TLR2 rs3804100, which represents a synonymous serine to serine amino acid substitution at
position 450 in the extracellular domain of TLR2, has to date not been fully investigated and
the functional effects of this SNP are still uncertain. The CC genotype of this polymorphism is
associated with latent TB infection but not with active pTB disease [27], is associated with
higher blood natural killer cell counts and is thought to predispose pTB patients to the develop-
ment of systemic symptoms or pleural involvement [36]. This coincides with our results which
showed that the CC genotype increases susceptibility to TB. Two previous meta-analysis have
been performed on this polymorphism and no association with TB susceptibility was found in
either analysis. Zhang et al. [7] had a smaller sample size (1379 cases and 1309 controls vs.
1808 cases and 1867 controls) which could explain the contradictory results. The second meta-
analysis by Sun et al. [50] however had very similar sample sizes to ours (1873 cases and 1954
controls vs. 1808 cases and 1867 controls) and it is thus unlikely that sample size is a cause for
the lack of association. However, the meta-analysis by Sun et al. [50] included two studies that
are not included in our meta-analysis and given that both of these studies come from an Asian
cohort, a protective effect of the CC genotype in the Asian population could obscure the
results.
There was no global association with TB susceptibility observed for TLR4 rs4986791, but
subgroup analysis in the Asian population showed increased susceptibility to TB. This missense
variant results in an amino acid substitution of threonine with isoleucine in the extracellular
domain of TLR4 and is thought to alter a co-receptor binding region affecting the ability of the
receptor to induce signalling in response to LPS stimulation in some cell types [3]. Previously,
the TT and TC genotypes of this SNP have been associated with increased TB risk in Asian
populations [11,27], which corroborates the results of our study. Two smaller meta-analysis on
this SNP also found no cross population association with TB, but subgroup analysis could not
be performed as a limited number of studies were available [50,52].
The overall trend for the TLR6 rs5743810 SNP is that the T allele, and the TC and TT geno-
types have a protective effect against TB development. This non-synonymous polymorphism
results in an amino acid change from proline to serine in the extracellular domain and has
been proposed to influence ligand recognition and reduced signal response [53]. The T allele
was found by Shey et al. [53] to reduce NF-kB signalling which led to an altered level of IL–6
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production, while Randhawa et al. [54] showed that it leads to increased IFN-γ production and
thus protection againstM. tuberculosis. These functional studies correlate with the results
found in this meta-analysis as well as that of Zhang et al. [7] where the T allele and TT geno-
type was also associated with resistance to TB disease.
The intracellular TLR9 molecule recognises unmethylated CpG motifs in mycobacterial
DNA [45] and in TLR9 deficient mice, was vital for activation of the Th1 immune response
[55]. Tao et al. [56] proposed that this intronic polymorphism (rs352139) either directly affects
the expression of the TLR9 gene, or is in LD with a polymorphic regulatory region that controls
TLR9 expression. A second hypothesis is that this intronic variant could introduce alternative
splice sites, affecting the TLR9 mRNA transcript and thus the structure and signalling capabil-
ity of this PRR, leading to an altered immune response [41]. The results indicate that the GG
and GA genotype of this TLR9 rs352139 polymorphism might influence TB susceptibility,
coinciding with previous results [56, 57, 58].
The functional effects for most of the associated TLR SNPs identified in this meta-analysis
have not been fully investigated. Given that the majority of these SNPs result in structural
changes (non-synonymous or splice-site variants) it could cause altered PRR signalling and
efficacy. Impaired signal transduction could lead to reduction of activated transcription factors
(e.g. NF-kB) and thus altered levels of pro and anti-inflammatory cytokines, nitric oxide, che-
mokines and interferon (IFN) inducible genes [59]. An effective immune response requires a
balance between these chemokines and cytokines and any disruption of this equilibrium could
have a detrimental effect on the immune system and thus increase susceptibility to TB [60].
While general trends were observed in about a third of the SNPs analysed, the effects of
most TLR polymorphisms on disease susceptibility seem to be population dependent. This lack
of association across ethnic groups may be due to the large variability in allelic distribution
between ethnic groups, which may in part be explained by evolutionary pressures. In Europe,
the epidemic proportions of TB during the industrial revolution could have led to natural selec-
tion and thus the accumulation of SNPs that protected against TB. Conversely, the African
populations encountered high levels of TB only at a much later stage and would have had less
time to accumulate protective polymorphisms [61]. SNPs associated with TB susceptibility in
specific ethnicities had MAFs that differed between the ethnic groups. In the case of TLR2
rs5743708 the minor allele was present in the Asian ethnic group only in cases (MAF = 0.03),
while in the Hispanic ethnic group the minor allele was present only in controls
(MAF = 0.015). This could have led to the opposite effect detected for TB susceptibility in these
two ethnic groups. In the 1000 genomes project [62] the variant is monomorphic in all Asian
populations and occurs only at very low frequencies (MAF 0.01) in two of the four Hispanic
subgroups. The dbSNP database indicated that the minor allele is present in the Hispanics
(MAF = 0.087) and central Asian population (MAF = 0.062), but absent in the East Asian pop-
ulation [63]. This corresponds with our data as we included studies from both East and central
Asia. It is also possible that the opposing effect is due to a causative variant in LD with TLR2
rs5743708, as was observed for monocyte chemoattractant protein–1 (MCP–1) gene polymor-
phisms [64]. For TLR4 rs4986791 the Asian population was the only ethnic group that showed
a significant difference between cases (MAF = 0.125) and controls (MAF = 0.09) (S3 Table).
However, the 1000 genomes project [62] shows that the T allele was completely absent or pres-
ent only at low frequencies (MAF< 0.07) in most ethnic groups except for the South Asians
(MAF = 0.12) suggesting a population-specific association. This corresponds with our data as
three of the four Asian population studies included for this SNP were South Asian (Table 1).
Furthermore, host-strain interactions add to the complexity of the disease as the phenotypic
and genetic characteristics of the infecting mycobacterial strain can have varying effects on dis-
ease outcome depending on the genotypic makeup of the host [65].
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The lack of associations across ethnic groups could be due to the limitations of this meta-
analysis. Firstly, the number of studies available that investigate the association between TLRs
and TB susceptibility is limited. The majority of SNPs investigated have only one or two studies
and as one of the inclusion criteria was that at least three studies be available for the meta-analy-
sis, a large number of variants could not be investigated. The lack of studies also meant that for
many of the SNPs investigated even the pooled sample size was limited, lowering the power to
find an association, especially for subgroup analysis. Furthermore, there are many more types of
PRRs (NLR, RLR, and CLR) that are involved in the recognition ofM. tuberculosis and protec-
tion against TB that were not investigated in this meta-analysis, which could also have gene-
gene interaction effects that were not possible to investigate here. Finally data on confounding
factors such as age, gender and smoking, which may differ between cases and controls and
between studies, was mostly not available and thus could not be corrected for using meta-regres-
sion analysis. These confounding effects could generate false findings (positive confounding) or
obscure true associations (negative confounding) and could thus influence the results [66].
Obtaining across or within ethnicity-specific information about the effect on TB susceptibil-
ity due to genetic variations in the innate immune system could have valuable applications in
“host-directed therapies” [67] or translational research. As the innate immune response fails to
controlM. tuberculosis infection if it is either excessive or inadequate [68], a deeper under-
standing of the effect that various polymorphisms have on TB susceptibility is vital for the
development of host-directed therapies. The results of meta-analyses such as this could help set
up treatments, global- and population-specific, to maintain the innate immune response
between the two extremes and increase resistance toM. tuberculosis infection.
Given the lack of association between TLR and TB, it is clear that although TLRs may be
critical for the defence againstM. tuberculosis, other PRRs and gene-gene interactions should
also be investigated. There is a measure of redundancy in the immune system as one type of
PAMP can trigger multiple PRRs and lead to the activation of similar immune pathways. Addi-
tional studies with larger sample sizes and ethnic variety should be conducted on all PRRs
involved inM. tuberculosis detection to shed some light on this complex disease and for the
data to be usable in the medical field.
Results from GWAS investigating TB susceptibility do not coincide with results from this
and other meta-analysis [69–72]. This could be due to the complexity and multifactorial nature
of TB disease. The genetic aetiology of TB susceptibility may be explained by several genetic
variants having a small effect on disease outcome. These variants would therefore not reach sig-
nificance in GWAS due to the burden of correcting for multiple testing. Furthermore, little to
no consistency has been noted across the TB GWAS’s published to date.
In summary, this meta-analysis aimed to summarize the effects of the most commonly
investigated TLR SNPs in relation to TB susceptibility. We found that the majority of SNPs
showed no association in general or in ethnic subgroup analysis. Only four SNPs (rs4833095,
rs3804100, rs5743810 and rs352139) showed significant general associations and two others
showed significant subgroup associations (rs5743708 and rs4986791). While this meta-analysis
gives an overview of the effect of TLR SNPs on TB disease susceptibility, more studies in vari-
ous ethnic groups need to be done in order to reinforce the results of this meta-analysis and
fully elucidate which variants are population-specific and which have a general association
with TB susceptibility.
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